Despite their diversity in structures and functions, all 60 isoprenoids are derived from the common precursor isopentenyl di-61 phosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP).
Functional and evolutionary analysis of DXL1, a non-essential gene encoding a 
23
Secondary metabolism 24 The synthesis of 1-deoxy-D-xylulose 5-phosphate (DXP), catalyzed by the enzyme DXP synthase (DXS), rep-25 resents a key regulatory step of the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway for isoprenoid bio-26 synthesis. In plants DXS is encoded by small multigene families that can be classified into, at least, three 27 specialized subfamilies. Arabidopsis thaliana contains three genes encoding proteins with similarity to DXS, 28 including the well-known DXS1/CLA1 gene, which clusters within subfamily I. The remaining proteins, initial-29 ly named DXS2 and DXS3, have not yet been characterized. Here we report the expression and functional 30 analysis of A. thaliana DXS2. Unexpectedly, the expression of DXS2 failed to rescue Escherichia coli and 31 A. thaliana mutants defective in DXS activity. Coherently, we found that DXS activity was negligible in vitro, 32 being renamed as DXL1 following recent nomenclature recommendation. DXL1 is targeted to plastids as 33 DXS1, but shows a distinct expression pattern. The phenotypic analysis of a DXL1 defective mutant revealed 34 that the function of the encoded protein is not essential for growth and development. Evolutionary analyses 35 indicated that DXL1 emerged from DXS1 through a recent duplication apparently specific of the Brassicaceae 36 lineage. Divergent selective constraints would have affected a significant fraction of sites after diversification 37 of the paralogues. Furthermore, amino acids subjected to divergent selection and likely critical for functional 38 divergence through the acquisition of a novel, although not yet known, biochemical function, were identified.
39 Our results provide with the first evidences of functional specialization at both the regulatory and biochem-40 ical level within the plant DXS family. 41 © 2012 Elsevier B.V. All rights reserved.
Introduction

47
Isoprenoids represent a wide family of structurally and functional- Abbreviations: aLRT, approximate likelihood ratio tests; Ap, ampicillin; BEB, Bayes Empirical Bayes; cDNA, DNA complementary to RNA; Cm, chloramphenicol; DMAPP, dimethylallyl diphosphate; DXS, 1-deoxy-D-xylulose 5-phosphate synthase; DX5P, 1-deoxy-D-xylulose 5-phosphate; ESTs, expressed sequence tags; GFP, green fluorescent protein; GUS, beta-glucuronidase; IPP, isopentenyl diphosphate; IPTG, isopropyl β-D-thiogalactopyranoside; LB, Luria-Bertani medium; LRT, likelihood ratio tests; MEP, 2-C-methyl-D-erythritol 4-phosphate; ML, maximum likelihood; MS, Murashige and Skoog medium; PCR, polymerase chain reaction; MVA, mevalonate; PP, posterior probability; RT, Reverse transcription; UTR, Untranslated Transcribed Region. in frame with the C-terminal 6xHis tag. The generated constructs
208
(pET23-DXS1 and pET23-DXS2) were confirmed by DNA sequencing.
209
The pET23-DXS1 and pET23-DXS2 plasmids were used to transform with pET23-DXS2 were grown at 22°C under the same conditions.
214
For optimal DXS1 protein expression, the bacterial culture was induced The comparison of models was performed through Likelihood
387
Ratio Test (LRT), which examine the significance of the difference be- 
Functional analysis of A. thaliana DXS2
465
To evaluate, and eventually confirm, the catalytic activity of DXS2, 466 we first undertook a complementation assay using an E. coli strain de-467 fective in DXS activity. A cDNA encoding the full-length DXS2 protein (DXS2CCdom) neither complemented the E. coli dxs mutant ( Fig. 2A) .
488 Q6 The lack of complementation of the DXS defective strain suggested 489 that A. thaliana DXS2 either does not have DXS activity or that its 490 activity was not enough to support full rate isoprenoid biosynthesis when grown at 15°C (Fig. 2B) . observed by confocal laser scanning microscopy (Fig. 3) .
Q7
Green fluores-
533
cence from DXS2TP-GFP is co-localized with chlorophyll autofluores-534 cence, thus indicating that, like DXS1, DXS2 is also targeted to plastids. The phylogenetic analysis also revealed lineage-specific gene du- Leaves of 15-day-old A. thaliana seedlings were microbombarded with a construct encoding GFP (A) and either A. thaliana DXS1 (B) or the putative DXS2 transit peptide (C) fused to the N terminus of GFP, respectively. Cells expressing the fusion protein were studied by laser confocal microscopy. tistic did not favor the latter, arguing against positive selection (Table 2) .
648
However, the BEB analysis, which has been shown to be extremely con- (Table 3) . Table 1 
Moreover, 34 specific amino acid residues were predicted as re-672 sponsible for type-I functional divergence with posterior probabilities 673 > 0.9 (Table 3) . Interestingly, seven of these positions were also iden-
674
tified by the BEB analysis as putatively fixed by positive selection.
675
Many of these sites are highly conserved in DXS sequences, but vari- 
715
Results presented in this study reveal specialization at the level of 716 expression pattern for the DXS2 gene (Fig. 4) with respect to DXS1.
717
Thus, whereas DXS1 expression is particularly high in green develop- t2:17 LRT for asymmetric sequence evolution: one-ratio model 0 (ω0=ω1) vs two-ratio model 2 (ω0, ω1) 2ΔLnL= 78.31; df = 1; p = 8.8085E−19. t2:18 LRT for (non)neutral evolution: two-ratio model 2 (ω0, ω1 = 1) vs two-ratio model 2 (ω0, ω1) 2ΔLnL= 296.39; df = 1; p = 2.0164E−66. , amino acids detected in the BEB analysis t2:22 as fixed by positive selection with posterior probabilities >95% (>99%, indicated with asterisks) are shown. In bold type, amino acids also identified in the analysis of functional t2:23 divergence. Numbering refers to A. thaliana DXS2. df = degrees of freedom; p = probability values. 
weaker expression levels, with the only exception of reproductive or-722 gans (Fig. 4) . In any case, the putative function of DXS2 does not seem 723 to be essential for growth and development since a DXS2 defective 724 mutant shows no visible phenotype (Fig. 5) supported the DIVERGE analysis (Table 3) .
Q9
In addition, 34 of the sites'
748
potentially key in functional divergence of DXS2 were identified 749 (Table 3) . However, the role of positive selection in divergent selec- Among them, we found seven of the positions predicted to be keys for 759 functional divergence (Tables 2 and 3 ).
760
Considering the high level of similarity between DXS2 and the rest 761 of plant DXS proteins ( Supplementary Fig. 2 ) and the conservation of 762 the amino acid residues proposed to be involved in the catalytic site 763 of prokaryotic DXS ( Fig. 1) close to residues reported to play a role in the DXS active site. We Fig. 2 ).
790
Therefore, it is likely that these changes could modify the spatial 
